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A large number of porous carbon materials with diﬀerent properties in terms of porosity, surface chemistry and electrical con-
ductivity, were prepared and systematically studied as electric double layer capacitors in aqueous medium with H2SO4 as electrolyte.
The precursors used are an anthracite, general purpose carbon ﬁbres and high performance carbon ﬁbres, which were activated by
KOH, NaOH, CO2 and steam at diﬀerent conditions. Among all of them, an activated anthracite with a BET surface area close to
1500 m2/g, presents the best performance, reaching a value of 320 F/g, using a three-electrode system. The results obtained for all
the samples, agree with the well-known relationship between capacitance and porosity, and show that the CO-type oxygen groups
have a positive contribution to the capacitance. A very good correlation between the speciﬁc capacitance and this type of oxygen
groups has been found.
 2005 Elsevier Ltd. All rights reserved.
Keywords: Activated carbon; Temperature programmed desorption; Electrochemical properties; Electrical properties; Surface oxygen complexes1. Introduction
The performance of porous carbons as electrical dou-
ble layer capacitors (EDLC) is strongly dependent on a
number of factors which include carbon material prop-
erties (such as porosity, surface chemistry and electrical
conductivity), preparation method of the electrode and
electrolyte characteristics (such as ions dimensions,
dielectric constant, etc.) [1]. The proper selection of
these properties will allow to optimize the EDLC.
Regarding porous carbons, it is known that double
layer capacitance of carbon materials depends on the
porosity, and some correlations with parameters such0008-6223/$ - see front matter  2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.carbon.2005.05.027
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E-mail address: cazorla@ua.es (D. Cazorla-Amoro´s).as speciﬁc surface area or the micropore volume have
already been published [2–5]. The higher the surface
area of carbon materials, the higher is the capacitance
value. However, important deviations from this trend
have been demonstrated [2], conﬁrming that there are
other important factors that contribute to double layer
capacitance. In addition, the role of pore size distribu-
tion has been discussed previously [2,3,6–9]. Activated
carbons with large micropores are found to be more
suitable for this application since the pores non-accessi-
ble to the electrolyte do not contribute to the total dou-
ble layer capacitance. It must be noted that the optimum
pore size will be dependent on the size of the electrolyte
used.
Apart from porosity, surface chemistry might also
be a relevant parameter [2,10–13]. Oxygen functional-
ities seem to enhance the capacitance value. However,
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same way [11,13]. It is proposed that these oxygen
groups improve carbon wettability, although they can
also contribute to capacitance by faradic reactions,
inducing pseudocapacitance. Finally, the inﬂuence of
electrical conductivity and structural order in the pro-
motion of double layer capacitance has already been
suggested [14–16].
In summary, the EDLC of a porous carbon depends
on a complex combination of properties and, conse-
quently, the selection of the proper precursor and prep-
aration method will permit the improvement of the
materials performance.
In this work, diﬀerent precursors such as an anthra-
cite, general purpose and high performance carbon ﬁ-
bres have been selected to prepare activated carbons.
The activation was done by carbon gasiﬁcation with
CO2 and steam (i.e., the so-called physical activation)
and by reaction with KOH and NaOH (i.e., the so-called
chemical activation). As a result, we have obtained a
large number of materials with diﬀerent porosities,
structure and surface chemistry, what is rarely
found in the literature. These samples have been studied
as EDLC in acidic aqueous medium (H2SO4 1 M). The
materials have been deeply characterized in terms of
porosity, surface chemistry and electrical conductivity,
in order to deepen into their relevance to control
the performance of carbon materials for EDLC
application.2. Experimental
2.1. Activation process
Chemical activation was done using KOH and
NaOH as activating agents. Three diﬀerent precursors
were used: an anthracite (sample A), general purpose
carbon ﬁbres from an isotropic coal tar pitch (Dona-
carbo S-241, Osaka gas Co., Ltd.) (sample D) and high
performance carbon ﬁbres (PAN-based carbon ﬁbres,
Hexcel) (sample H). Anthracite based activated carbons
were prepared using KOH activation. Details of the
preparation process are available elsewhere [17]. Gen-
eral purpose and high performance carbon ﬁbres were
activated with both KOH and NaOH [18,19]. The
preparation conditions for each sample are included in
Table 1.
Physical activation was carried out using CO2 and
steam as activating agents. Two diﬀerent precursors
were used: Donacarbo and Kureha carbon ﬁbres (sam-
ples D and K, respectively). Donacarbo was activated
with CO2 as described in a previous study [18] and
Kureha ﬁbres were activated with steam [20,21]. The
preparation conditions for each sample are included in
Table 2.2.2. Porous texture characterization
Porous texture of all samples was determined by
physical adsorption (N2 at 77 K and CO2 at 273 K)
using an automatic adsorption system (Autosorb-6,
Quantrachrome) after samples out-gassing at 523 K un-
der vacuum for 4 h. The total micropore volume (pore
size smaller than 2 nm) was calculated from the applica-
tion of the Dubinin–Radushkevich equation to the N2
adsorption at 77 K. The narrow micropore volume
(pore size smaller than around 0.7 nm) has been assessed
from CO2 adsorption at 273 K using the DR equation
[22–25]. The densities of the adsorbed phase used for
the calculations, were 0.808 and 1.023 g/ml for N2 and
CO2, respectively. The speciﬁc surface area was calcu-
lated by the BET equation.
2.3. Surface chemistry characterization
Temperature programmed desorption (TPD) experi-
ments were done in a DSC–TGA equipment (TA Instru-
ments, SDT 2960 Simultaneous) coupled to a mass
spectrometer (Thermostar, Balzers, GSD 300 T3), to
characterize the surface chemistry of all samples. In
these experiments, 10 mg of the sample were heated up
to 950 C (heating rate 20 C/min) under a helium ﬂow
rate of 100 ml/min.
2.4. Electrical conductivity measurement
Composite monoliths were prepared from selected
samples in order to measure the electrical conductivity
of the electrodes using a method described elsewhere
[26]. These monoliths (300 mg) were prepared from the
porous carbon material and a cellulose-based binder
(Saint Honore´) (90:10 wt.%, respectively). Both materi-
als were mixed and pressed up to 100 bars during half
an hour. The composite pellet was pressed between
two thin metallic sheets. Diﬀerent potentials were ap-
plied and the current intensities were measured. The
resistance of the pellet was determined from the slope
of the voltage versus current plot.
2.5. Double layer capacitance measurement
To measure the electric double layer capacitance,
composite electrodes were prepared from powder por-
ous carbon material, acetylene black (Strem Chemicals)
and binder (PVDC copolymer, aqueous dispersion (55%
solids), Sutcliﬀe Speakman), in a ratio 77:10:13 wt.%,
respectively. The materials were mixed and pressed up
to 100 bars for 10 min. The total electrode weight used
for the measurements was about 70–90 mg. After that,
the composite electrode was placed in a stainless steel
mesh as a current collector. In order to measure the elec-
tric double capacitance of a single porous carbon elec-
Table 1
Preparation conditions in chemical activation
Sample Activating agent Activating agent/carbon ratio Activation temperature (C) Activation time (h) N2 ﬂow rate (ml/min)
AK1 KOH 1:1 700 1 800
AK2 KOH 2:1 650 1 800
AK3 KOH 3:1 750 1 800
DK1 KOH 0.5:1 750 1 500
DK2 KOH 2:1 750 1 500
DK3 KOH 4:1 750 1 500
DK4 KOH 6:1 750 1 500
DK5 KOH 8:1 750 1 500
DNa1 NaOH 0.5:1 750 1 500
DNa2 NaOH 2:1 750 1 500
DNa3 NaOH 4:1 750 1 500
DNa4 NaOH 6:1 750 1 500
DNa5 NaOH 8:1 750 1 500
HK1 KOH 4:1 750 0.27 500
HK2 KOH 5:1 750 1 500
HK3 KOH 8:1 750 1 500
HNa1 NaOH 4:1 750 0.27 500
HNa2 NaOH 5:1 750 1 500
HNa3 NaOH 8:1 750 1 500
Table 2
Preparation conditions in physical activation
Sample Activating agent Activation temperature (C) Activation time (h) Flow rate (ml/min)
DC1 CO2 890 3 500
DC2 CO2 890 9 500
DC3 CO2 890 22.5 500
KS1 Steam 760 3.5 150 (N2)/40 (steam)
KS2 Steam 820 3 150 (N2)/40 (steam)
KS3 Steam 910 0.92 150 (N2)/40 (steam)
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was employed. Reversible hydrogen electrode (RHE)
was used as reference and a platinum wire was employed
as a counter electrode. H2SO4 (1 M) was used as aque-
ous electrolyte. The capacitance value was measured
by the galvanostatic method (at 2 mA). The values have
been calculated from the interval of voltage between 0.2
and 0.6 V, as follows. The value of imposed current is
divided by the slope of the lineal chronopotentiogram
plot, taking the average value between charge and dis-
charge process. The result is then divided by the weight
of porous carbon that is about 77% of the total
composite.3. Results and discussion
3.1. Porous texture characterization
It is remarkable that 25 porous carbons from diﬀer-
ent precursors and preparation methods are gathered
in this study, what oﬀers a variety of porous texture
and structure which is rarely found in the literature.All the materials prepared have type I isotherms, what
is characteristic of microporous solids. Table 3 contains
the BET surface areas and the micropore volumes calcu-
lated from N2 adsorption data at 77 K [VDR(N2)] and
CO2 adsorption data at 273 K [VDR(CO2)] for each sam-
ple. It is interesting to note that samples with diﬀerent
adsorption capacity and micropore size distributions
have been developed. A more detailed description of
the porous texture for each series of materials is included
below, which is in agreement with previous results [17–
21].
In chemical activation, as a general trend, the adsorp-
tion capacity and, consequently, the porosity develop-
ment, increase with increasing the hydroxide/carbon
ratio. Additionally, the knee of the isotherms widens
with the increase of the hydroxide/carbon ratio, thus
indicating an increase of the micropore size distribution.
The diﬀerences between KOH and NaOH activations
have been shown to be dependent on the structure of
the precursor as it has been previously reported
[18,19,27].
The comparison between the total micropore volume,
VDR(N2), and the narrow micropore volume,
Table 3
Porous texture, quantiﬁcation of oxygen surface groups obtained by TPD and capacitance values for all samples
Sample SBET (m
2/g) VDR(N2) (cm
3/g) VDR(CO2) (cm
3/g) CO (lmol/g) CO2 (lmol/g) Capacitance (F/g)
AK1 814 0.37 0.38 1957 570 184
AK2 1538 0.71 0.61 3415 768 321
AK3 2602 1.24 0.80 2221 557 250
DK1 351 0.16 0.22 1481 368 137
DK2 1092 0.49 0.46 2251 852 197
DK3 1637 0.75 0.63 1570 586 210
DK4 2229 0.91 0.69 1738 539 232
DK5 2424 0.96 0.71 1398 340 210
DNa1 173 0.08 0.18 1139 626 96
DNa2 1131 0.51 0.48 1439 466 164
DNa3 1758 0.80 0.56 1138 394 178
DNa4 2533 1.00 0.66 919 352 194
DNa5 3038 1.01 0.65 978 458 207
HK1 589 0.28 0.23 1198 599 136
HK2 878 0.41 0.29 1438 463 163
HK3 1243 0.60 0.39 1265 303 146
HNa1 346 0.16 0.13 609 587 91
HNa2 675 0.30 0.27 907 303 118
HNa3 872 0.40 0.30 1001 173 103
DC1 645 0.29 0.30 1321 683 118
DC2 1502 0.69 0.50 1135 674 148
DC3 2442 1.15 0.42 678 308 146
KS1 493 0.22 0.24 929 295 131
KS2 1191 0.53 0.48 770 286 148
KS3 1546 0.68 0.42 851 279 147
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tribution [22–25]. Micropores smaller than 0.7 nm in size
are measured by VDR(CO2), and those smaller than
2 nm and bigger than 0.7 nm are calculated by the diﬀer-
ence between VDR(N2) and VDR(CO2). In activated sam-
ples from anthracite and Donacarbo, low hydroxide/
carbon ratios give VDR(CO2) > VDR(N2) which indicates
that very narrow microporosity has been developed. As
this ratio increases, the mean pore size is higher. More-
over, it is important to note that Donacarbo samples
activated with NaOH develop wider microporosity than
those activated with KOH. For Hexcel activated sam-
ples, the micropore size distribution is wider in all the
cases compared to the other precursors (i.e., anthracite
and Donacarbo).
Activated carbon ﬁbres prepared by physical
activation with CO2 (Donacarbo samples) and with
steam (Kureha samples), are essentially microporous.
The micropore size distribution is narrow at low burn-
oﬀs and becomes wider with increasing the burn-
oﬀ. Another remarkable ﬁnding is that the micropore
size distributions obtained by physical activation are
wider than by chemical activation with KOH or NaOH.
In summary, a large number of porous carbons (pow-
der and ﬁbres) were prepared in our laboratory from dif-
ferent precursors and using four activating agents at
diﬀerent experimental conditions, which cover a wide
range of porosities and surface areas (from 200 to
3000 m2/g).3.2. Surface chemistry characterization
Surface oxygen groups on carbon materials decom-
pose upon heating producing CO and CO2 at diﬀerent
temperatures. It is known that CO2 evolves at low tem-
peratures as a consequence of the decomposition of the
acidic groups such as carboxylic groups or lactones
[28,29]. The evolution of CO occurs at higher tempera-
tures and is originated by decomposition of basic or
neutral groups such as phenols, ethers and carbonyls
[28,29].
All activated carbon samples were characterized by
TPD experiments. Table 3 contains the quantiﬁcation
of the amount of CO and CO2 desorbed in these exper-
iments. The results of the TPD indicate that samples
with a wide range of surface oxygen groups are
available being, in all the cases, the CO evolved larger
than the CO2. It must be noted that samples with oxy-
gen contents from 1000 to 5000 lmol/g but similar
surface areas, are available in this study, what is very
useful to analyse the eﬀect of the surface chemistry.
Moreover, chemically activated samples with KOH
have a higher oxygen content than the NaOH or the
physically activated ones for a given raw material.
Fig. 1 shows the oxygen content (i.e., 2CO2 + CO)
for each sample versus the BET surface area. The
ﬁgure includes lines, added to show the trends ob-
served, which are not the ﬁttings to the experimental
results.
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Fig. 1. Oxygen content versus BET surface area for all samples.
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content goes through a maximum at moderate activa-
tions or decreases with the degree of activation.
3.3. Electrical conductivity
The electrical conductivity of the raw materials and
selected porous carbons was measured (at least one acti-
vated sample corresponding to each precursor was mea-
sured). Table 4 shows the obtained values, including the
nomenclature of the activated samples measured. It is
important to mention that the shown value corresponds
to the composites prepared as described in Section 2;
then, all of them have the same composition, what
makes easier the comparison.
From the table we can conclude that the activation
carried out with the anthracite and the Donacarbo ﬁbres
increases the electrical conductivity, but it decreases for
Hexcel precursor. The porous carbons having the high-
est conductivity are those prepared by physical activa-
tion using Kureha carbon ﬁbres as precursor. The
increase in electrical conductivity upon activation can
be understood if we consider that the activation will re-
move the most disorganized parts of the precursor (i.e.,
the most reactive carbons), specially considering that the
electrical conductivity of the raw material is not veryTable 4
Electrical conductivity measurements
Raw material Electrical
conductivity
(precursors) (S/m)
Electrical conductivity
(activated samples)
(S/m)a
Anthracite 1.36 · 107 8 (AK1,AK3)
Donac 4 6 (DK5,DNa2,DC3)
Kureha 12 26 (KS1)
Hexcel 39 19 (HK3,HNa3)
a The values correspond to the average of the samples included
between brackets.high. In the case of Hexcel ﬁbres, which are high perfor-
mance carbon ﬁbres with a high degree of crystallinity,
the activation will destroy part of this structural order
thus decreasing the electrical conductivity. It must be
noted that Hexcel carbon ﬁbres cannot be activated by
physical activation and that an aggressive chemical acti-
vation process is necessary to reach moderate porosity
developments [19]. As previously observed [20,30],
steam activation focuses in the outer parts of the ﬁbres;
so the porosity is created in the most external parts of
the material compared to other activating agents, thus
preserving the ﬁbre structure in the inner regions, what
can be beneﬁcial to keep the electrical conductivity of
the raw material.
3.4. Electrical double layer capacitance: inﬂuence of
porosity and oxygen content
Table 3 contains the speciﬁc double layer capacitance
of the samples measured for a current intensity of 2 mA
(this corresponds to a current density of about 30 mA/
g). It can be observed that high capacitance values are
obtained for some samples. Among them, the activated
anthracite presents the best performance, reaching a va-
lue of 321 F/g. This value is similar to one of the best
found in the literature for activated carbons with BET
surface areas close to 3000 m2/g [31]. It must be noted
that the sample with the highest capacitance has a
BET surface area of only about 1500 m2/g (i.e., sample
AK2). This means that some additional factors apart
from the surface area are contributing to the enhanced
capacitance.
Fig. 2 shows the relationship between the BET sur-
face area and the electric double capacitance for all sam-
ples. It can be seen that the capacitance values for the
activated carbons ﬁbres follow a linear relationship with
BET surface area, except for the anthracite and Hexcel
derived activated carbons, and for the samples with
50
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Fig. 2. Capacitance versus BET surface area for all samples.
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ing eﬀect due to the small pore size of these materials
[2,8]. In the case of the anthracite and Hexcel-derived
activated carbons, the capacitance goes through a max-
imum, which is especially remarkable for sample AK2
(i.e., the sample with the largest capacitance). It should
be emphasized that in this last sample, the porosity is
suﬃciently well developed to remove the ion-sieving ef-
fect mentioned before. Consequently, these deviations
conﬁrm that although porosity is a key parameter in this
process, there are other factors which inﬂuence in a con-
siderable extent the EDLC.
To analyse the inﬂuence of the surface chemistry on
the capacitance values, we have calculated the speciﬁc
capacitance (i.e., capacitance divided by BET surface
area) and we have tried to correlate this parameter with0
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Fig. 3. Capacitance divided by BET surface area vethe surface chemistry data collected in Table 3. We have
observed that the speciﬁc capacitance has not a good
correlation neither with the number of oxygen groups
desorbing as CO2 nor with the total oxygen content cal-
culated as 2CO2 + CO, both referred to the surface area
to account for this parameter. However, the best corre-
lation is obtained when the plot is done versus the
amount of surface oxygen groups desorbing as CO
(Fig. 3). We ﬁnd that the correlation is excellent for all
the samples except for those prepared from Kureha
and, specially, from Hexcel, which exhibit a deviation
upwards with respect to the general trend. This conclu-
sion, deduced for a large number of samples, prepared
from diﬀerent raw materials and using diﬀerent prepara-
tion methods, conﬁrm that the CO-type groups have a
positive contribution to the capacitance of the porous4 6
l/g) / BET (m2/g)
HNa DC KS
5 7
rsus CO content divided by BET surface area.
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studies done with a given porous carbon after a selective
modiﬁcation of the surface chemistry [10,13]. In one of
these papers [13], the authors conclude that the qui-
none-type oxygen groups are those having the better
correlation with the capacitance. These conclusions
may also explain the huge capacitance of exfoliated car-
bon ﬁbres, prepared by HNO3, which composition
nearly corresponds to graphite oxide [15].
The reason why the oxygen groups have a positive
contribution to the capacitance can either be due to
the improved wetability of the carbon material by the
electrolyte, specially for aqueous solution, thus favour-
ing the ions to reach the microporosity, or to a faradic
process involving the oxygen groups that contribute to
a pseudocapacitance. It is proposed [31] that the oxygen
functionalities are detrimental for this application be-
cause the voltages applied for the charge and discharge
may change the surface oxygen groups producing a loss
in the capacitance. However, considering that the CO2-
type groups, which are the most unstable, are not
favourable to increase the total capacitance of the mate-
rials and that the CO-type groups, which can have high
stability, are beneﬁcial, it might be possible to tailor the
surface chemistry to have an enhanced and stable capac-
itance. The stability of the materials with a given surface
chemistry and the development of the most appropriate
functionalities will be analysed in the future.
The deviations found in Fig. 3 for two Hexcel and
Kureha activated carbon samples marked in the ﬁgure
could be explained considering that these are the porous
materials having the higher electrical conductivity (see
Table 4). This could indicate that electrical conductivity
is another important parameter in double layer capaci-
tors performance and that, for a given porosity, the
more conductive the material is, the higher the capaci-
tance value reached [14–16].4. Conclusions
A large number of porous carbon materials have been
prepared, from diﬀerent precursors and using diﬀerent
preparation methods, covering a wide range of porosi-
ties, surface chemistry and electrical conductivity. The
capacitance of the samples has been measured in aque-
ous solution. Among all of them, an activated anthracite
with a BET surface area close to 1500 m2/g, presents the
best performance, reaching a value of 320 F/g. This va-
lue is very high and close to those published for acti-
vated carbons with surface areas close to 3000 m2/g.
The results obtained for all the samples, agree with the
well-known relationship between capacitance and
porosity, and show that the CO-type oxygen groups
have a positive contribution to the capacitance. A very
good correlation between the speciﬁc capacitance andthis type of oxygen groups has been found. Addition-
ally, the measurements suggest the favourable contribu-
tion of the electrical conductivity of the carbon material
on the capacitance. The results indicate that an appro-
priate selection of the surface chemistry, with highly sta-
ble oxygen groups, and an increase of the electrical
conductivity of the material, may be interesting possibil-
ities to prepare improved materials for EDLC.Acknowledgment
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